Binding of glucocorticoid to the glucocorticoid receptor (GR/NR3C1) may repress inflammatory gene transcription via direct, protein synthesis-independent processes (transrepression), or by activating transcription (transactivation) of multiple antiinflammatory/repressive factors. Using human pulmonary A549 cells, we showed that 34 out of 39 IL-1b-inducible mRNAs were repressed to varying degrees by the synthetic glucocorticoid, dexamethasone. Whilst these repressive effects were GRdependent, they did not correlate with either the magnitude of IL-1b-inducibility or the NF-kB-dependence of the inflammatory genes. This suggests that induction by IL-1b and repression by dexamethasone are independent events. Roles for transactivation were investigated using the protein synthesis inhibitor, cycloheximide. However, cycloheximide reduced the IL-1b-dependent expression of 13 mRNAs, which, along with the 5 not showing repression by dexamethasone, were not analysed further. Of the remaining 21 inflammatory mRNAs, cycloheximide significantly attenuated the dexamethasonedependent repression of 11 mRNAs that also showed a marked time-dependence to their repression. Such effects are consistent with repression occurring via the de novo synthesis of a new product, or products, which subsequently cause repression (i.e., repression via a transactivation mechanism). Conversely, 10 mRNAs showed completely cycloheximideindependent, and time-independent, repression by dexamethasone. This is consistent with direct GR transrepression. Importantly, the inflammatory mRNAs showing attenuated repression by dexamethasone in the presence of cycloheximide also showed a significantly greater extent of repression and a higher potency to dexamethasone compared to those mRNAs showing cycloheximide-independent repression. This suggests that the repression of inflammatory mRNAs by GR transactivation-dependent mechanisms accounts for the greatest levels of repression and the most potent repression by dexamethasone. In conclusion, our data indicate roles for both transrepression and transactivation in the glucocorticoiddependent repression of inflammatory gene expression. However, transactivation appears to account for the more potent and efficacious mechanism of repression by glucocorticoids on these IL-1b-induced genes.
Introduction
Glucocorticoids acting on the glucocorticoid receptor (GR/ NR3C1) are the most effective anti-inflammatory drugs available for multiple inflammatory conditions [1] . Thus, inhaled glucocorticoids reduce lung inflammation and are consequently recommended for all but the mildest asthmatics [1, 2] . The profound anti-inflammatory effects of these drugs are largely derived from their ability to repress the expression of numerous inflammatory genes [3, 4] . While the classical paradigm of action for nuclear hormone receptors, such as GR, is to activate gene transcription from hormone response elements, e.g. palindromic glucocorticoid response elements (GREs), this has not generally been thought to explain repression of inflammatory gene expression [1, 4] . Rather this is attributed to multiple mechanisms of which transrepression, the ability of GR to directly repress gene transcription, is prominent [5] . In the transrepression hypothesis [6] , ligand-activated GR interacts with, or tethers to, key transcription factors, such as NF-kB and AP-1, to switch off inflammatory gene transcription. GR may then recruit histone deacetylases (HDACs), in particular HDAC2 [7] , to the promoters of inflammatory genes and thereby exert repression, in part, via effects on the local chromatin environment [8] . However, transrepression has also been explained by competition for coactivator molecules and GR-dependent changes in RNA polymerase II phosphorylation [9] [10] [11] . Equally, a dramatic glucocorticoid-dependent up-regulation of IkBa (NFKBIA), the endogenous inhibitor of NF-kB, was indicated as a major driver of glucocorticoid repression [12, 13] . However, many investigators have not observed such substantial effects and transcriptional repression of inflammatory genes can be dissociated from glucocorticoid-dependent increases in NFKBIA expression [14] [15] [16] [17] . While other repressive mechanisms include GR binding to negative GREs (nGREs) in genes such as prolactin or proopiomelanocortin (POMC) [18, 19] , a lack of readily definable nGRE sites in the promoters of inflammatory genes argued against this mechanism of repression [5] . Indeed, direct nGRE-dependent repression of POMC is probably described by tethering type interactions of GR at the promoter sites required for transcriptional activation [20] . Equally, GR chromatin immunoprecipitation (ChIP) experiments combined with genomic PCR, microarray (ChIP-chip) or high throughput sequencing (ChIP-SEQ) analyses primarily revealed GR binding sites at glucocorticoid-induced rather than repressed gene promoters [21] [22] [23] . Despite this, a more recent study has again raised the issue of nGREs as a widespread mechanism of repression [24] . While the degree to which these mechanisms apply in different systems remains to be fully investigated, it is essential to note that they cannot account for the now well established, but widespread, post-transcriptional and translational repression that is elicited by glucocorticoids on inflammatory gene expression [3, 6, 25] .
In contrast to the above, we and many other investigators have noted that the ability of glucocorticoid to repress inflammatory gene expression is frequently prevented or attenuated by inhibition of transcription and/or translation (For examples see [3, 6, 25] ). Rather than implying roles for ''direct'' mechanisms of transrepression, such data suggest that glucocorticoids induce the expression of ''anti-inflammatory'' genes to promote the repression of inflammatory gene expression [6, 26] . In this respect, glucocorticoids induce the expression of very many genes, for example NFKBIA, in multiple cell types [27] . While many such genes may play roles in the development of side-effects, it is clear that genes including mitogen-activated protein kinase (MAPK) phosphatase (MKP) 1 (DUSP1) or glucocorticoid-induced leucine zipper protein (GILZ) (TSC22D3) show biological properties that are consistent with repression of inflammatory gene expression [28, 29] . Thus DUSP1 is rapidly and robustly induced by glucocorticoids and may inactivate all three major MAPK pathways to reduce inflammatory responses via transcriptional, post-transcriptional, translational and post-translational effects [27, 28, [30] [31] [32] . Equally, TSC22D3 expression is increased in the lungs of asthmatics taking inhaled glucocorticoid, is variously described as a repressor of both AP-1 and NF-kB, and may also attenuate MAPK signalling [33] [34] [35] [36] [37] .
The above indicates multiple mechanisms of glucocorticoid repression that may either be independent of a requirement for gene expression (i.e. classical transrepression) or dependent on gene expression (i.e. repression via the transactivation of antiinflammatory genes). To explore contributions due to these (potentially competing) hypotheses, we examined the effect of the synthetic glucocorticoid, dexamethasone, on 39 inflammatory gene transcripts whose expression was induced by IL-1b, a representative inflammatory stimulus, in human pulmonary A549 cells. Since A549 cells and primary human bronchial epithelial cells both show enhanced inflammatory gene expression in the presence of IL-1b and repression by glucocorticoid [2, 38, 39] , these cells represent a valid model to examine the relationship between repression by dexamethasone and the roles of transactivation and transrepression. In addition, the central role of NF-kB in transrepression models, led us to interrogate the role of this factor in the expression of IL-1b-induced genes.
Materials and Methods
Cell Culture and Drugs A549 cells were grown to confluence in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and L-glutamine (all Invitrogen). Cells were incubated overnight in serum-free medium prior to the addition of fresh serum-free medium containing cytokine and drugs. IL-1b (R&D systems) was dissolved in phosphate-buffered saline plus 0.1% bovine serum albumin (both Sigma), dexamethasone (Sigma) was dissolved in Hanks' balanced salt solution (HBSS), cycloheximide (Sigma) was dissolved in sterile water and ORG34517 (gift from Dr. Ard Peeters, Organon Laboratories, The Netherlands) was dissolved in DMSO. Final concentrations of DMSO were ,0.1%.
siRNA-mediated Gene Silencing
A549 cells at ,60-70% confluence in 12 well plates were transfected with siRNAs. GR or control siRNA was mixed with Lipofectamine TM RNAi max (Invitrogen) (1 mg) in 100 ml of serum-free DMEM and then incubated at room temperature for 30 min. This mixture was then incubated on cells for 24 h at 37uC at a final siRNA concentration of 25 nM. Sequences for siRNA targeting were as follows: GR siRNA 6 (59-AAGTG-CAAACCTGCTGTGTTT-39); Lamin siRNA (control) (59-AACTGGACTTCCAGAAGAACA -39) (both Qiagen).
Adenoviral Infection, Luciferase Reporters and Assay
A549 cells at ,70% confluence were incubated for 24 h in DMEM plus 10% fetal calf serum containing the indicated multiplicity of infection (MOI) of adenoviral serotype 5 (Ad5) vector, prior to incubating in serum-free medium overnight and then experimental treatments. Ad5-IkBaDN encodes a dominant version of IkBa, while Ad5-NF-kB-luc contains five copies of the classical NF-kB motif [40] . Ad5-NF-kB-luc was introduced into A549 cells at a MOI of 1 and cells were harvested in 16 reporter lysis buffer (Biotium) 6 h after the addition of IL-1b. Luminescence was measured using a 20/20n Luminometer (Turner Biosystems).
Western Blotting
Size-fractionation on 12% acrylamide gels, electroblotting to Hybond-ECL membranes (GE Healthcare) and immunodetection using ECL (Thermo Scientific) was as previously described [41] . Antibodies were: anti-IkBa/MAD-3 (M-18) (sc-1102, Santa Cruz), anti-GR (sc-8992, Santa Cruz) and anti-glyceraldehyde-3-phosphate (GAPDH) (4699-9555(ST), AbD Serotec).
RNA Isolation, cDNA Synthesis and SYBR Green Real-time PCR
RNA was isolated and 0.5 mg reverse transcribed into cDNA [41] . After 1:4 dilution, PCR was carried out on 2.5 ml of cDNA using SYBR GreenER mastermix (Invitrogen) and an ABI 7900HT instrument (Applied Biosystems). Relative cDNA concentrations were obtained from standard curves generated by serial dilution of an IL-1b-treated sample. Amplification condi- Figure 1 . Effect of IL-1b and dexamethasone on inflammatory gene expression. A. A549 cells were either not stimulated (NS) or treated with IL-1b (1 ng/ml), dexamethasone (dex) (1 mM) or a combination of the two for 1, 2, 6 and 18 h. Cells were then harvested for RNA and real-time PCR was carried out for the indicated genes and GAPDH. Data (n = 3), normalised to GAPDH are expressed as either log 2 fold over NS at 1 h (left panel) or as percentage of IL-1b (right hand panel) and plotted as means. Genes are grouped based on expression patterns: 'Early-phase' genes are those which have a peak of expression at 1 or 2 h (top two graphs); 'Late-phase' genes have a peak of expression at 6 h or later with less than 50% of that peak expression observed at 1 or 2 h (bottom two graphs); and 'Intermediate' genes are those that fall into neither of the above categories (middle two graphs). B. Effect of dexamethasone from right hand panel of A is plotted at each time point for all genes repressed by dexamethasone. Significance was tested using one-way ANOVA with a Bonferroni post-test and is indicated: *, P,0.05; ***, P,0.001. doi:10.1371/journal.pone.0053936.g001 tions were: 50uC for 2 min, 95uC for 10 min then 40 cycles of 95uC for 15 s, 60uC for 1 min. For primer sequences see Table S1 . Primer specificity was determined using dissociation (melt) curve analysis: 95uC for 15 s, 60uC for 20 s followed by ramping to 95uC over 20 min. A single peak in the change in fluorescence was taken to indicate specificity.
Statistical Analysis
All numerical values are expressed to two significant figures. Graphical data are plotted as mean 6 S.E. Statistical analysis between groups was performed using one-way analysis of variance (ANOVA) with a Bonferroni's or Dunnet's post test or a paired t test as indicated. Significance was assumed where: *, p,0.05; **, p,0.01; ***, p,0.001.
Results

Effect of IL-1b and Dexamethasone on Inflammatory Gene Expression
To identify genes whose expression was induced by IL-1b and modulated by dexamethasone, A549 cells were treated with maximally effective concentrations of IL-1b (1 ng/ml) and/or dexamethasone (1 mM). As we have described [42, 43] , cells were harvested after 6 and 18 h and RNA subjected to microarray analysis using Affymetrix U95Av2 and B chips. This revealed 428 genes that were induced by .2-fold by IL-1b at 6 h (Table S2) . While a small number of these IL-1b-induced genes, for example NFKBIA, PRIC285 and BIRC3, showed modest mRNA inducibility by dexamethasone alone, the majority revealed either no effect or repression of basal expression (Table S2, Figure S1 ). In the presence of IL-1b for either 6 or 18 h, heat maps of IL-1binduced genes with $4 fold inducibility at 6 h showed the response to dexamethasone to vary in a gene-dependent manner with the overall effect of dexamethasone favouring repression ( Figure S1A ). As depicted in Figure S1C (Groups 1-5), three of these IL-1b-induced genes (SERPINA3, LOC645638, APOL1) revealed enhanced ($1.25 fold) expression in the presence of dexamethasone (Group 1). In group 2, there were 38 genes showing either no, or modest (,1.25/$0.75 fold), modulation of IL-1b-induced expression by dexamethasone, whereas groups 3, 4 and 5 contained genes with increasing repression by dexamethasone ( Figure S1C ). However, there was no significant relationship between the fold induction by IL-1b and the repression achieved by dexamethasone. (Figure S1D ).
To explore the regulation of IL-1b-induced genes by dexamethasone, 34 of the 35 genes corresponding to Affymetrix probe sets that individually showed .10-fold enhancement by IL-1b at 6 h were selected for analysis by real-time PCR (Table S2, Figure  S1B ). At the time of our analysis, the gene, c15orf48, was poorly annotated, did not show repression by dexamethasone ( Figure  S1A ) and was not analysed. In addition, four commonly studied inflammatory genes, GM-CSF (CSF2), COX-2 (PTGS2), IL-1b (IL1B) and TNFa (TNF), were also selected for analysis. In each case, a single primer pair crossing an exon/exon boundary was designed for each gene to amplify all RefSeq splice variants, with the exception of IFIT3, which has two splice variants with only one exon in common. Therefore, two primer pairs were designed for this gene and designated IFIT3iso1 and IFIT3iso2. A total of 39 mRNAs were subjected to real-time PCR analysis. A549 cells were treated with IL-1b and dexamethasone, either alone or in combination, for 1, 2, 6 or 18 h. The mRNA expression profiles for these 39 mRNAs were placed into three categories (early, intermediate and late -see figure legends for definitions) based on the timing of peak expression induced by IL-1b as represented by the line graphs in Figure 1A (for detailed information on each individual gene see Figure S2 ).
Of the 39 IL-1b-induced transcripts analysed by PCR, twelve, including PRIC285 and BIRC3, which were modestly dexamethasone induced in the array ( Figure S1 ), showed two or more fold enhancement by dexamethasone alone for at least one time point (Table 1, Figure S2 ) and this effect was significant for seven genes. For example, dexamethasone induced CSF3 mRNA by up to 30 fold at all time points. Although lower in magnitude, similar responses were seen for BIRC3, TNFAIP3 and G0S2, thus identifying these genes as bona fides dexamethasone-induced genes. Conversely, and despite significant increases in mRNA for at least one time point, the effects on IFIT1, LAMB3 and PRIC285 were less consistent. While the functional relevance of these observations requires consideration, the induction by dexamethasone was considerably less than the maximal induction by IL-1b (Table 1 ).
In combination with IL-1b, dexamethasone showed varying effects on inflammatory gene expression ( Figure 1 , Figure S2 ). Analysis of the effect of 1 mM dexamethasone on IL-1b-induced mRNA at 6 h showed that 34 of the IL-1b-inducible mRNAs were significantly repressed by dexamethasone, whereas five genes, (BIRC3, CSF3, IL32, SOD2 and TNFAIP3) were not repressed ( Figure 2 ). Furthermore, of the mRNAs repressed by dexamethasone, the majority showed increasing levels of repression with time, a trend which is readily seen in the line graphs in Figure 1A (for detailed information on individual genes see Figure S2 ). For example, at 1 h, repression of CCL2, CCL20, PTGS2 and others was minimal, yet increased markedly by 2 and 6 h ( Figure S2 ). Indeed, after excluding the 5 genes not repressed by dexamethasone, the combined repression of all genes by dexamethasone was significantly greater at 2 h and 6 h when compared to 1 h ( Figure 1B ). Equally, the overall level of repression was significantly greater at 6 h compared to 2 h; thus, a clear timedependence to the repression of most inflammatory genes by dexamethasone is established.
Effect of Dexamethasone Concentration on IL-1binduced Gene Expression
A549 cells were treated with IL-1b and various concentrations of dexamethasone for 6 h prior to real-time PCR analysis of all 39 mRNAs ( Figure S3 ). While IL-1b-induced expression of BIRC3, CSF3 and IL32 appeared to be elevated in the presence of increasing dexamethasone concentrations, this was only significant in the case of IL32 and there was no obvious effect on SOD2 or TNFAIP3 ( Figure 2A ). As with the array data, repression by dexamethasone did not correlate with induction by IL-1b ( Figure 2B ). Analysis of the EC 50 values for the 34 genes repressed by dexamethasone suggested that mRNAs showing the greatest level of repression (i.e. greatest E max ) may also show the highest potency (i.e. lowest EC 50 ) to dexamethasone ( Figure S3 , Figure 2C ). Thus, CFB was the least repressed mRNA and with an EC 50 of 170 nM was also the least potently repressed gene. Conversely, IL1B, the mRNA most strongly repressed by dexamethasone, was also the most potently repressed mRNA with EC 50 of 0.75 nM. Transcripts such as EFNA1 and IFIT3iso2 showed lower levels of repression and dexamethasone had intermediate potency. Furthermore, a highly significant (P,0.0001) correlation between maximal efficacy and log potency of dexamethasone-mediated repression amongst genes was observed, thus confirming this observation ( Figure 2D , Table S3 ).
Repression of IL-1b-induced Gene Expression by Dexamethasone is Dependent on GR
To evaluate the extent to which repression of IL-1b-induced gene expression by dexamethasone was dependent on GR, two complementary approaches were undertaken. Firstly, the effects of a competitive GR antagonist, ORG34517, which compared to RU486 shows reduced partial agonism [44] ( Figure 3A ), and secondly siRNA targeting of GR ( Figures 3B and 3C ), were tested on A549 cells harbouring a simple 26GRE-luciferase reporter prior to analysis of IL-1b-induced mRNAs in the presence of dexamethasone ( Figure 3D ).
In response to dexamethasone, 26GRE-dependent luciferase activity was concentration-dependently increased (EC 50 = 34 nM) ( Figure 3A ). Treatment with increasing concentrations of ORG34517 prior to addition of dexamethasone produced a rightward, parallel displacement of the concentration-curve that described GRE-dependent transcription, without significantly affecting the maximum response ( Figure 3A ). These data are indicative of competitive antagonism and a pA 2 of 8.5 and Schild slope of 1.07 was obtained using the Gaddum-Schild equation, as previously described [45] . Since luciferase activity induced by 1 mM dexamethasone was essentially prevented by 1 mM ORG34517, A549 cells were treated with 1 mM ORG34517 for 30 min prior to stimulation with IL-1b and dexamethasone (1 and 0.1 mM). Real-time PCR analysis revealed that the dexamethasone-dependent repression of 32 out of the 34 inflammatory mRNAs was significantly reversed by ORG34517 ( Figure 3D ), supporting the role of GR. Of the two genes not showing reversal, CFB was so modestly repressed by dexamethasone that effects of ORG34517 would be difficult to identify. Equally, IRF1, which is partially repressed by dexamethasone, showed reversal by ORG34517, but this failed to reach significance. In addition, while ORG34517 (alone) had no effect on IL-1b-induced mRNA expression of 31 genes, significant, but minor, repression of CCL2, PTGS2 and TFF1 was observed and is indicative of partial agonism (Table S4) .
Transfection of a lamin-specific control siRNA knocked-down expression of lamin A/C, but had no significant effect on GR protein expression ( Figure 3B ). Conversely, a GR-specific siRNA inhibited expression of GR by 8262.9%, without affecting lamin A/C expression ( Figure 3B ). Parallel experiments examining dexamethasone-dependent transcription in 26GRE reporter cells revealed no effect of the lamin siRNA, whereas the GR-specific siRNA strongly attenuated reporter activity ( Figure 3C ). A549 cells were therefore transfected with lamin or GR-specific siRNA prior to stimulation with IL-1b and 0.1 or 1 mM dexamethasone. Realtime PCR analysis showed a significant reversal of repression, for 33 out of the 34 genes, by 0.1 and/or 1 mM dexamethasone in the presence of the GR-specific, but not lamin-specific siRNA ( Figure 3D ). In respect of PRIC285, a marked loss of dexamethasone-dependent repression was observed in the presence of GRspecific siRNA, but this did not reach statistical significance. Since, with the exception of G0S2, there was no effect of lamin siRNA on the IL-1b plus dexamethasone-induced expression of any of these mRNAs (Table S4) , these data support a role for GR only in the repression elicited by dexamethasone.
NF-kB Dependence of IL-1b-induced Genes
In the presence of increasing MOIs of the dominant NF-kB inhibitor, Ad5-IkBaDN [40] , overexpression of IkBaDN was observed ( Figure 4A ). This correlated with repression of NF-kBdependent transcription and the inhibition of endogenous IkBa protein expression as previously reported ( Figure 4A ) [46] . Since maximal effects were achieved at MOI 100, with no effect of a control virus, this concentration was selected for analysis of IL-1b-induced gene expression. As before, overexpression of IkBaDN was confirmed and this correlated with reduced endogenous expression of IkBa ( Figure 4B ). Inflammatory gene expression analysed in parallel experiments revealed IL-1b-induced expression of all 39 mRNAs to be significantly prevented by Ad5-IkBaDN ( Figure 4C ). In all cases, with the exception of NFKBIZ, where inhibition was modest, IL-1b-induced mRNA expression was reduced to near basal levels by Ad5-IkBaDN ( Figure 4C) . Therefore, the effect of NF-kB inhibition does not correlate with repression by dexamethasone. (Figure S4 ). This was most obvious in respect of the 5 genes that were not repressed by dexamethasone (BIRC3, CSF3, IL32, SOD2 and TNFAIP3), but which were highly NF-kB-dependent ( Figure 4C ). Additionally, analysis of an NF-kB-dependent luciferase reporter, Ad5-NF-kB-luc, revealed only a partial, 29% repression by dexamethasone ( Figure 4D ).
Effect of Cycloheximide on Dexamethasone-dependent Repression
Classical transrepression occurs via a direct mechanism that is insensitive to protein synthesis inhibition [5] , whereas repression that depends on the transactivation of glucocorticoid-inducible genes such DUSP1, TSC22D3 or others will be prevented by protein synthesis inhibition. Therefore, the effect of cycloheximide, a protein synthesis inhibitor, was explored on the dexamethasonedependent repression of the inflammatory mRNAs.
A549 cells were treated with IL-1b in the absence or presence of cycloheximide and/or dexamethasone. After 4 h, cells were harvested for real-time PCR analysis of inflammatory gene expression. In the presence of cycloheximide, the IL-1b-induced expression of 13 of the inflammatory gene mRNAs was significantly inhibited ( Figure S5 ). We interpret these data as showing that these are second phase genes, i.e. their expression is dependent on the prior expression of other factors, for example inducible transcription factors, and this assessment is supported by the prior demonstration of 'late-phase' kinetics ( Figure 1 , Figure  S2 ). As a consequence, these genes, along with the 5 genes not repressed by dexamethasone (Figure 2A ), were excluded from further analysis. Thus our current analysis is necessarily limited to evaluating the role of ongoing protein synthesis in the repression of the early phase inflammatory genes by dexamethasone.
For the remaining 21 IL-1b-induced mRNAs, cycloheximide had one of three effects on the repression elicited by dexamethasone. Cycloheximide significantly blocked the dexamethasonedependent repression of 11 genes ( Figure 5 ). These can be classified into two groups: i) mRNAs for which cycloheximide ''fully reversed'' the repression by dexamethasone ( Figure 5A ), and; ii) mRNAs where there was only a ''partial reversal'' of the dexamethasone-dependent repression by cycloheximide ( Figure 5B ). ''Full reversal'' was defined as where the percentage repression by dexamethasone was significantly reversed in the presence of cycloheximide and resulted in no significant repression, i.e. there was no difference from control (IL-1b plus cycloheximide). Similarly, ''partial reversal'' is when the percent repression by dexamethasone was significantly reversed by cycloheximide, but that this was still significantly repressed compared to control (IL-1b plus cycloheximide). i.e. repression still occurred, but to a lesser extent. Finally, there was a group of 10 mRNAs showing ''no reversal'' for which the presence of cycloheximide did not attenuate dexamethasone-induced repression ( Figure 5C ).
These data indicate that .50% of the IL-1b-induced mRNAs examined in the present study show dexamethasone-repression in manner that requires protein synthesis. This implies a transactivation-dependent mechanism. In contrast, there were 10 IL-1binduced mRNAs (just under 50%) whose dexamethasone-repression was refractory to the effects of cycloheximide and may therefore correlate with a classical transrepression type mechanism. However, the genes showing cycloheximide reversal of repression also showed high levels of repression by dexamethasone ( Figure 5A and 5B) . Conversely, the genes with no reversal of dexamethasone-dependent repression by cycloheximide showed lesser levels of dexamethasone-dependent repression ( Figure 5C ). To explore this further, the data from Figure 2C were overlaid with the effects of cycloheximide ( Figure 6A ). The genes where cycloheximide reversed (fully or partially) the dexamethasonedependent repression were clustered in the lower left-hand part of the graph showing that they were the most affected by dexamethasone, in terms of both magnitude of repression (E max ) and sensitivity to inhibition (EC 50 ) ( Figure 6A ). Conversely, genes for which cycloheximide did not reverse the dexamethasonedependent repression were inhibited weakly and with low potency by dexamethasone. In each case, the logEC 50 (Figure 6B & C) and the effect of dexamethasone (% of IL-1b treated) ( Figure 6D and 6E) for genes showing full or partial reversal were significantly different from the genes where there was no reversal by cycloheximide. These data therefore indicate two mechanistically distinct processes of repression (cycloheximide-sensitive andinsensitive) in which the most sensitively repressed genes require ongoing gene expression for repression by dexamethasone. Furthermore, examining the repression over time for each group of genes, also suggests different mechanisms of repression ( Figure 6F) . Thus, the genes for which cycloheximide reversed the dexamethasone-dependent repression showed significantly more repression at longer times of incubation. i.e. The level of repression increased over time ( Figure 6F , left graph). Conversely, there was no significant change in the level of repression over time for the genes that were not reversed by cycloheximide i.e. repression was not time-dependent ( Figure 6F, right graph) . These data suggest that the cycloheximide sensitive repression is timedependent, whereas the cycloheximide insensitive repression is not, again arguing for two distinct mechanisms of repression.
Discussion
The current study focuses on mechanisms underlying the ability of the anti-inflammatory glucocorticoid, dexamethasone, to repress the mRNA expression of inflammatory genes induced by IL-1b. Using Affymetrix HG-U95Av2 and B microarrays, just under 430 mRNAs were identified that were induced 2 fold or more by 24 h prior to harvesting for western blot analysis of lamin A/C, GR and GAPDH. Following densitometric analysis, data (n = 5), normalised to GAPDH and expressed as percentage of NS are plotted as means 6 SE. Significance, relative to lamin siRNA treated cells, using ANOVA with a Dunnet's posttest, is indicated: ns, not significant; ***, P,0.001. Representative blots are shown. C. A549 cells stably transfected with a 26GRE reporter were incubated with lamin-(control) or GR-specific siRNA for 24 h prior to stimulation with increasing concentrations of dexamethasone (Dex) as indicated. After 6 h, cells were harvested for luciferase assay. Data (n = 4-5) are expressed as percentage of 1 mM dexamethasone and plotted as means 6 SE. D. A549 cells were either not treated or incubated with either ORG34517 for 30 min (left panel of each graph), or lamin-(control) or GR-specific siRNA for 24 h (right panel of each graph) prior to being either not stimulated (data not shown), or treated with IL-1b (1 ng/ml) in the absence (data not shown) or presence of either 0.1 or 1 mM dexamethasone (Dex) for 6 h. Cells were then harvested for real-time PCR analysis of the indicated genes and GAPDH. Data (n = 5-6) normalised to GAPDH and expressed as percentage of IL-1b are plotted as means 6 SE. Left panel of each graph: significance relative to IL-1b+Dex was tested using a paired t-test and is indicated: *, P,0.05; **, P,0.01; ***, P,0.001. Right panel of each graph: significance relative to IL-1b+Dex+Lamin siRNA was tested using ANOVA with a Dunnett's post test (see also Table S4 ) and is indicated: *, P,0.05; **, P,0.01; ***, P,0.001. doi:10.1371/journal.pone.0053936.g003 Figure 4 . Effect of IkBaDN on inflammatory gene expression. A. A549 cells were infected with the NF-kB-dependent reporter, Ad5-NF-kB-luc, in the presence of Ad5-IkBaDN (0.1-100 MOI) or Ad5-null. After 36 h, cells were stimulated with IL-1b (1 ng/ml) for 6 h before harvesting for luciferase assay and western blot analysis of IkBa and GAPDH. Data (n = 2) expressed as percentage of IL-1b are plotted as mean 6 SE. Representative blots are shown. B. A549 cells were infected with 100 MOI of Ad5-IkBaDN or Ad5-null for 24 h prior to stimulation with IL-1b for 6 h. Cells were harvested for western blot analysis of IkBa and GAPDH. Blots representative of 4 experiments are shown. C. Cells from B were harvested for RNA and SYBR green real-time PCR carried out for GAPDH and the indicated genes. Data (n = 4) normalised to GAPDH and expressed as percentage of IL-1b are plotted as mean 6 S.E. Significance relative to IL-1b was tested using AVOVA with a Dunnett's post-test. * P,0.05; ** P,0.01; *** P,0.001. Genes not significantly repressed by dexamethasone (from Figure 2A) are highlighted in bold font. D. A549 cells infected with the NF-kB-dependent reporter, Ad5-NF-kB-luc, for 36 h were incubated with various concentrations of dexamethasone, as indicated, for 1 h prior to stimulation with IL-1b. After 6 h cells were harvested for luciferase assay. Data (n = 5) expressed as percentage of IL-1b are plotted as mean 6 SE. doi:10.1371/journal.pone.0053936.g004 Figure 5 . Effect of CHX on dexamethasone-dependent repression of inflammatory gene expression. A549 cells were treated with IL-1b (1 ng/ml) (not shown), or IL-1b and dexamethasone (dex) (1 mM) in the absence or presence of cycloheximide (CHX) (100 mg/ml) as indicated, for 4 h. Cells were then harvested for RNA and real-time PCR carried out for the indicated genes and GAPDH. Data (n = 4) normalised to GAPDH and plotted as percentage of IL-1b or IL-1b+CHX are expressed as mean 6 S.E. Significance, relative to IL-1b+dex, using a paired t-test is indicated; *, P,0.05; **, P,0.01; ***, P,0.001. A. Full reversal (significantly different from IL-1b+dex and from IL-1b+CHX), B. partial reversal (significantly different from only IL-1b+dex) and C. no reversal (not significantly different from IL-1b+dex) of dexamethasone-dependent repression by CHX. doi:10.1371/journal.pone.0053936.g005 IL-1b (at 6 h). The effects of dexamethasone, in the presence of IL-1b, on these genes was highly variable, with a few genes showing further enhanced expression, many genes showing little effect of dexamethasone and the majority revealing reduced expression ( Figure S1 and Table S2 ). This finding is supported by real-time PCR data showing repression for 34 out of 39 IL-1binduced mRNAs. While the reversal of this dexamethasonedependent repression by both a GR antagonist, ORG34517, and Figure 2D ), were overlaid with the effect of cycloheximide (CHX) on that repression (as shown in Figure 5 GR-specific siRNA clearly supports a role for GR, it is equally clear that such reversals were often only partial. In the case of ORG34517, this could be due to the nature of the effect of ORG34517 on GR. Thus on a low potency response such as the 26GRE reporter (EC 50 for dexamethasone = 34 nM), ORG34517 acts as a competitive antagonist ( Figure 3A ). However, on higher potency responses, such as the repression of IL-1b-induced mRNAs (EC 50 values for Dex 0.7-10 nM), it is clear that ORG34715 can exert agonistic effects (Table S4 ). In such instances antagonism of the full agonist (dexamethasone) is limited to the extent of the agonism of the partial agonist (ORG34517) (an effect referred to as competitive dualism). It is also important to note that the GR-specific siRNA does not completely prevent GR expression and this correlates with reduced, but not absent, 26GRE-dependent transcription in the presence of the GRspecific siRNA (Figures 3B and 3C ). Thus, low levels of GR may be sufficient for dexamethasone-dependent repression of inflammatory gene mRNA expression. However, despite these shortcomings, our data indicate that the repression of IL-1b-induced gene expression by dexamethasone is GR-dependent.
The finding that 34 out of 39 IL-1b-induced genes were reduced by dexamethasone raises a critical point: Not all inflammatory genes are repressed by glucocorticoids meaning glucocorticoids show differential effects on inflammatory responses [47] . Indeed, the current data emphasise a need to understand, in detail, the functional significance of those genes that are normally repressed by glucocorticoids, compared to genes that are not repressed. Such analyses will promote an appreciation as to which aspects of inflammation are more or less sensitive to glucocorticoid therapy. Thus, despite immune suppression being an established side-effect, glucocorticoids have been reported to spare some innate immune responses [47] . Equally, asthma is generally well controlled by glucocorticoid therapy, whereas chronic obstructive pulmonary disease, viral exacerbations of asthma or asthmatics who smoke respond poorly to glucocorticoids [2] . While traditionally thought of as showing that these conditions are due to an induced resistance to glucocorticoid, a different view, and one that the current data support, may be that the nature of the inflammatory response is in fact inherently less responsive to glucocorticoid. Clearly, considerable work is needed to investigate this effect, particularly in disease-relevant primary cells. Our PCR analysis shows that IL-1b-induced CSF3, IL32 and TNFAIP3 are all spared the repressive effect of glucocorticoids and these genes play key functional roles in promoting aspects of innate and adaptive immunity. Thus CSF3 is critical for macrophage and neutrophil proliferation and maturation, while IL32 is a core inflammatory cytokine that activates NF-kB and induces expression of multiple inflammatory mediators from multiple cells, including macrophages [48, 49] . Conversely, TNFAIP3, also called A20, plays a key role in feedback regulation of NF-kB and inflammatory responses [50] . Consequently, it is essential that glucocorticoids do not materially down-regulate TNFAIP3 expression as this would have the effect of promoting inflammatory gene expression. Likewise, SOD2, exerts an essential protective function by clearing superoxide radicals that are generated during normal inflammatory processes [51] and was unaffected by treatment with dexamethasone. Equally, genes such as IRF1, a key regulator of adaptive Th1 responses and innate immunity [52] , are only modestly repressed by glucocorticoid. Likewise, complement factor B (CFB), an essential factor in the alternative complement cascade, promotes airways hyperreactivity [53] , but protects from recurrent infections, shows only partial repression by dexamethasone [54] .
The NF-kB signalling pathway is often cited as a primary target of glucocorticoid action. However, many studies report only slight or partial effects of glucocorticoids on NF-kB-dependent transcription [16, 40, 41] . Indeed, in some contexts, the NF-kB and glucocorticoid pathways work together to promote transcription [55, 56] , including the expression of anti-apoptotic genes, including c-IAP2 (BIRC3) [57] , or chemokines [58] . Such data, along with the known roles of genes such as TNFAIP3 or SOD2, are obviously incompatible with a general repressive effect of glucocorticoids that acts on NF-kB. In the current study, we demonstrate a clear separation between NF-kB as an activator of gene expression and a generic mechanism of glucocorticoid repression. Thus, the five genes that were not repressed by dexamethasone were highly NF-kB-dependent. Other inflammatory genes that revealed only partial repression by glucocorticoid were also highly NF-kB-dependent. At a more generic level, no correlation between the induction by IL-1b and the repression achieved by dexamethasone was noted, also arguing for independent pathways of up-regulation by IL-1b and downregulation by glucocorticoid.
One aspect of independent regulation, but nevertheless possible interaction between glucocorticoid and inflammatory pathways is the suggestion that some IL-1b-induced genes are also upregulated by dexamethasone alone. Thus, the microarray identified 3 genes (PRIC285, BIRC3, DOCK4) from those induced 4fold or more by IL-1b that showed significant up-regulation by dexamethasone. For the 39 IL-1b-induced genes that were analysed by PCR, dexamethasone-induced expression of PRIC285 and BIRC3 was confirmed. In addition, the greater sensitivity of real-time PCR also revealed significant up-regulation of CSF3, G0S2, IFIT1, LAMB3 and TNFAIP3 by dexamethasone. Thus, it is possible that an independent ability of glucocorticoid to induce expression of such genes may help maintain IL-1b-induced expression in the presence of glucocorticoid, which may, in fact, also act to switch off many of the pathways that are activated by IL-1b. Certainly, CSF3, BIRC3, TNFAIP3 and G0S2 are IL-1b-induced genes that were the least affected by dexamethasone. Interestingly, IL32, which also falls into this group, was induced .2-fold by dexamethasone (although this effect did not reach significance). Such data illustrate a mechanism by which certain responses could be maintained in the context of increased glucocorticoids. Indeed, our array data confirms modest up-regulation of NFKBIA by dexamethasone, yet IL-1b-induced expression was unaffected by glucocorticoid, as previously shown [16] . Therefore the modest up-regulation of NFKB1A by glucocorticoids may aid in maintaining its expression, and therefore feedback control of NF-kB. Of note is the fact that we have observed an equivalent effect for the mRNA destabilising protein tristetraprolin (TTP) or ZFP36. This is primarily induced by IL-1b to exert feedback control of inflammatory genes, such as IL-8 and GM-CSF, and is only modestly induced by dexamethasone [59] . Hence we speculate that glucocorticoid-inducibility of a subset of inflammatory genes may help preserve various components of the inflammatory response, for example by maintaining aspects of host defence or necessary feedback regulation. Assuming transcriptional regulation for this modest glucocorticoid-inducibility, such data predict the existence of identifiable glucocorticoid responsive regions in the promoters of these inflammatory genes. Indeed, a study of GR binding sites in dexamethasone responsive genes found that both BIRC3 and TNFAIP3 are bound by GR within 10 kB of the transcription start site, consistent with up-regulation of these genes by dexamethasone in the current study [23] .
While real-time PCR analysis allowed the 39 IL-1b-induced mRNAs to be grouped according to expression kinetic (early, intermediate or late), we were not able to identify obvious differences in responsiveness to dexamethasone between these groups. All three groups contained genes whose expression was highly, lowly or partially repressed by dexamethasone in a GRdependent manner. While, these groupings were merely based on temporal differences in expression, it was predicted that those genes revealing a delayed kinetic of induction (i.e. late phase) would represent genes whose expression depends on some timedependent event, for example, the prior expression of another factor that was essential for expression. The fact that the protein synthesis inhibitor, cycloheximide, prevented or reduced expression of many of these late genes, yet none of the early genes were affected, supports this view. Equally, cycloheximide significantly blocked the expression of four genes (BCL2A1, G0S2, IL1B and TFF1) in the intermediate group, suggesting that their expression was also dependent on the synthesis of one or more new factors. All such cycloheximide-sensitive genes were necessarily excluded from the later parts of our analysis as the effect of inhibiting proteins synthesis on the repression by dexamethasone cannot be tested on genes whose expression is itself sensitive to protein synthesis inhibition. Thus the main findings of our study are restricted to acute phase genes whose expression induced by IL-1b was not attenuate by blockade of protein synthesis.
Possibly the most surprising and important finding to come out of the current study was the correlation between potency (EC 50 ) of repression by dexamethasone with the extent of repression. While variation in these parameters was obvious and intuitive, it was unexpected that a correlation would exist such that IL-1b-induced genes showing the greatest repression by dexamethasone were also the most potently repressed by dexamethasone. This result suggests that in the context of a sub-maximal level of glucocorticoid, such as may occur in patients undergoing inhaled glucocorticoid therapy in the treatment of asthma, these would represent the most sensitive genes to repression by glucocorticoids and may therefore represent the main drivers of the response to therapy. Equally, this implies that mechanisms induced by the glucocorticoid and which cause this repression must also be active at such concentrations of glucocorticoid. If the effects of protein synthesis inhibition are now considered, these data reveal that the IL-1b-induced genes whose expression was repressed by dexamethasone in a cycloheximide-sensitive manner are the genes most repressed and most potently repressed by dexamethasone. Thus, a requirement for ongoing gene expression in these repressive events is implicated and this is consistent with prior studies that implicated the repression of PTGS2, CXCL1, IL6, IL8 and CSF2 as being at least partially dependent on glucocorticoid-induced expression of DUSP1 or TSC22D3 [31, 32, 36, [60] [61] [62] . Hence, the ability to prevent the repressive effects of dexamethasone with cycloheximide is consistent with repression occurring via the glucocorticoid-dependent expression of repressive genes, i.e. requires transactivation by GR. As such, the induction of DUSP1 occurs with an EC 50 in the low nanomolar range, a potency similar to the repression of the most sensitively repressed inflammatory genes [41] . Furthermore, many glucocorticoidinduced genes reveal even greater potencies (low EC 50 ) and this suggests that repression occurring via the induction of antiinflammatory genes is highly plausible [23] . As noted above, late phase genes were excluded from this analysis due to their expression being inhibited in the presence of cycloheximide. This meant that the role of glucocorticoid-inducible genes could only be examined in respect of early phase genes. Whether this introduces an unintentional bias into the results of these experiments is unclear. However, it is likely that late phase genes would also be inhibited by a combination of mechanisms, especially considering that there are both genes whose expression is highly or lowly repressed by dexamethasone in this group, as is seen with the early phase group.
Equally, the IL-1b-induced genes which show cycloheximidedependent repression are those genes for which a strong timedependence to their repression is observed ( Figure 6F ). This suggests a need for time-dependent processes, such as new gene expression, to occur prior to the onset of repression. Conversely, genes not showing a cycloheximide-dependent component to the repression by dexamethasone are consistent with a conventional transrepressive mechanism. This mechanism does not involve a gene expression-dependent event, but rather is reported to occur via a direct interaction with GR and the recruitment of HDAC activity to targeted promoters [63] . Interestingly, this group of genes does not display time-dependent repression ( Figure 6F ) and is consistent with a rapid onset of repression due to GR recruitment. Finally, it is important to realise that a number of genes revealed both cycloheximide-sensitive and -insensitive components to their repression by dexamethasone. This suggests that these inflammatory genes are subject to repression via both GR transactivation and transrepression. Given recent findings that implicate the glucocorticoid induction of DUSP1 in the repression of both AP-1 and NF-kB [41, 64] , both targets of classical transrepression [5] , it is perhaps not surprising that at least some mRNAs show glucocorticoid-dependent repression that involves both classical GR transrepression and transactivation. Thus, there exists considerable possibility for redundancy both between and within these two mechanisms of repression. In this regard, multiple mechanisms of transrepression are established [5] . Likewise, NFKB1A, TSC22D3 and DUSP1 and others are up-regulated by glucocorticoids and may all impact on pathways involved in inflammatory gene expression [27] . Moreover, cycloheximide would not prevent the effect of induced RNAs, for example microRNA (miRNA), in the repression of inflammatory gene expression. It is therefore possible that glucocorticoids, by inducing miRNA expression, could then inhibit inflammatory gene expression.
In conclusion, our data show that a single, global mechanism of inflammatory gene repression does not account for all of the antiinflammatory actions of glucocorticoids. Indeed, more genespecific methods of inhibition that could involve transrepressive and/or transactivation mechanisms of repression are indicated. Importantly, the inhibition of inflammatory genes that are highly repressed by glucocorticoids appears to involve the induction of anti-inflammatory gene expression and occurs at low concentrations of glucocorticoid. These data highlight the importance of GR-induced transactivation for the effective repression of inflammatory gene expression by glucocorticoids.
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Figure S1 Microarray analysis of the effect of IL-1b and dexamethasone on A549 cells. A549 cells were either not stimulated or treated with IL-1b (1 ng/ml), dexamethasone (Dex) (1 mM) or a combination of the two for 6 or 18 h (n = 3). RNA was extracted and microarray profiling conducted using human genome U95Av2 and B GeneChip expression arrays. (A) Heat map representation of all genes induced 4 fold or more by IL-1b at 6 h. The complete, unsorted microarray dataset at 6 and 18 h was sorted based on IL-1b induction at 6 h and all rows with less than 2 fold inducibility were removed. In addition, any rows where there was no ''present'' call (p) (indicating presence of a transcript) at either 6 or 18 h was removed. Datasets with the same gene name were merged to give average fold inductions and the data was then sorted based on fold-induction by IL-1b at 6 h. Heat map is colour coded based on fold induction values, as indicated in the legend. (B) Heat map representation of all genes analysed in the current study. Fold induction values for dexamethasone (Dex), IL-1b or the combination are indicated. (C) Effect of dexamethasone (Dex) as a fold of IL-1b (i.e. IL-1b = 1) for all genes induced 4 fold or more by IL-1b (from A). Genes are divided into 5 groups based on fold induction by dexamethasone (as indicated at the bottom of each graph): Group 1, $1.25 fold; Group 2, $0.75 but ,1.25 fold; Group 3, $0.5 but ,0.75 fold; Group 4, $0.25 but ,0.5 fold; Group 5, ,0.25 fold. (D) Effect of dexamethasone as a percentage of IL-1b is plotted against fold induction for each gene. Linear regression was performed using GraphPad Prizm software. (PDF) Figure S2 Timecourse analysis of inflammatory mRNA expression. A549 cells were either not stimulated (NS) or treated with IL-1b (1 ng/ml), dexamethasone (Dex) (1 mM) or a combination of the two for 1, 2, 6 or 18 h. Cells were then harvested for RNA and real-time PCR was carried out for the indicated mRNAs and GAPDH. Data (n = 3) normalised to GAPDH and expressed as fold over NS at 1 h are plotted as mean 6 SE. Genes are grouped based on expression patterns: (A) 'Early-phase' genes are those which have a peak of expression at 1 or 2 h; (B) 'Intermediate' genes have a peak of expression at 2, 6 or 18 h; (C) 'Late-phase' genes have a peak of expression at 6 h or later with less than 50% of that peak expression observed at 1 or 2 h. Significance relative to IL-1b treated samples at each time point was tested using ANOVA with a Bonferroni post-test and is indicated: *, P,0.05; **, P,0.01; ***, P,0.001. (PDF) Figure S3 Effect of increasing concentrations of dexamethasone on IL-1b-induced inflammatory gene expression. A549 cells were either not stimulated (NS) or treated with IL-1b (1 ng/ml) and increasing concentrations of dexamethasone (as indicated) for 6 h prior to harvesting for RNA. Real-time PCR was carried out for GAPDH and the indicated genes. Data (n = 6) normalised to GAPDH and expressed as percentage of IL-1b are plotted as mean 6 S.E. Significance relative to IL-1b-treated samples using ANOVA with a Dunnett's post-test is indicated: *, P,0.05; **, P,0.01; ***, P,0.001. (PDF) Figure S4 Relationship between the effect of dexamethasone and Ad5-IkBaDN. The effect of dexamethasone (1 mM) is plotted against the effect of Ad5-IkBaDN (MOI 100), each following IL-1b treatment for 6 h and both expressed as percentage of IL-1b, for each mRNA. Data are derived from Figure 2A and 4C respectively. Linear regression was performed using GraphPad Prizm software. (PDF) Figure S5 Effect of cycloheximide on IL-1b-induced inflammatory mRNA expression. A549 cells were treated with IL-1b (1 ng/ml) in the absence or presence of cycloheximide (CHX) (100 mg/ml) for 4 h. Cells were then harvested for realtime PCR analysis of the indicated genes and GAPDH. Data (n = 4) normalised to GAPDH and expressed as percentage of IL-1b treated samples are plotted as means 6 SE. Significant repression relative to IL-1b treated samples was tested using a paired, one-way t-test and is indicated: *, P,0.05; **, P,0.01; ***, P,0.001.
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Table S2 Microarray analysis of the effect of IL-1b and dexamethasone on gene expression in A549 cells. Table of microarray data for all genes induced 2 fold or more by IL-1b at 6 h. A549 cells were either not treated or stimulated with IL-1b (1 ng/ml), dexamethasone (Dex) (1 mM) or a combination of the two for 6 or 18 h (n = 3). RNA was extracted and microarray profiling conducted using human genome U95Av2 and B GeneChip expression arrays. The complete, unsorted microarray dataset at 6 and 18 h was sorted based on IL-1b induction at 6 h and all rows with less than 2 fold inducibility were removed. In addition, any rows where there was no p value (indicating presence of a transcript) at either 6 or 18 h was removed. Datasets with the same gene name were merged to give average fold inductions and the data was then sorted based on fold-induction by IL-1b at 6 h. Data (n = 3) are expressed as fold over non-stimulated samples. P values indicating level of significance are given relative to nonstimulated values unless otherwise indicated. The datasets are divided into two: A. represents all probesets that correlate with a known gene locus as indicated by gene name in column 1 whereas B. represents all probe-sets for which there is no known gene associated. (XLSX) Table S3 Effect of dexamethasone on inflammatory mRNA expression. The effect of dexamethasone (Dex) (1 mM) is shown on the induction of inflammatory mRNAs by IL-1b (1 ng/ml) at 6 h. The effect of dexamethasone is expressed as percentage of IL-1b treated. Data are derived from Figure 2A (Effect of Dex) and Figure S3 (EC 50 ). There is no EC 50 value available (n/a) for mRNAs that were not significantly repressed by dexamethasone.
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